INTRODUCTION
The estimation of the circulating blood volume in man is of interest in the study of a number of clinical problems. The results published by many investigators have varied widely. The principle involved in all of these studies consists in the introduction into the blood stream of a measured amount of some substance whose concentration in the circulating blood may then be estimated after complete mixing has taken place. Many materials have been employed and the literature has been reviewed in recent articles (1, 2) . The type of substance most commonly used has been a dye whose concentration in the blood plasma is estimated with a colorimeter. The dye chiefly used is vital red, concerning which a considerable literature has appeared (3). The objections which have been raised to the use of dyestuffs may be briefly stated. Quantitative ifitravenous injection without extravasation is frequently difficult. Injections have been followed by serious reactions. Considerable losses may occur from the plasma through adsorption on the erythrocytes, removal by phagocytosis, and by diffusion into the lymph and other body fluids. Where alterations in capillary permeability occur in pathological conditions, as in edema, considerable amounts may penetrate rapidly into the tissues (4). For accurate colorimetric observations precautions must be taken to have the plasma clear and free from hemoglobin.
A recent reinvestigation of the problem by Lindhard appears to have revealed other difficulties. After the injection of the dye into a peripheral vein, an appreciable time interval is needed to allow complete mixing throughout the circulation. It now appears that comJacques Loeb Fellow in Medicine. plete mixing does not take place in the blood stream in the three or four minutes usually allowed (5) . If the subject exercises by walking and by making arm movements for a period of ten minutes after the dye injection, much lower results than have previously been reported by this method are obtained for the blood volume. As any loss of the injected dye from the blood during this period should make the apparent blood volume higher, not lower, these findings indicate that previous workers have not secured the necessary complete mixing in the circulating blood. It (6) .
The use of carbon monoxide possesses certain advantages which deserve consideration. We have particularly in mind its employment in those conditions in which the capillary permeability may be altered, and where the diffusion of dyestuffs from the plasma into the tissue spaces may be greatly accelerated. They include many of the pathological conditions in which blood volume changes may be expected and are of particular interest. The carbon monoxide method was first used in its present form by Haldane and Smith (7) , and improvements were made by Douglas (8) , and by Salvesen (9) , working in Van Slyke's laboratory. Carbon monoxide in sufficient amounts may be quantitatively introduced into the blood by inhalation without pain or danger. The method of introduction into the minutely divided blood stream in the lung capillaries greatly facilitates diffusion and rapid, complete mixture. The gas by reason of its affinity for hemoglobin is entirely bound, for all practical purposes, to this substance alone. The amount which is physically dissolved in other tissues is insignificant. By the gas methods described below its estimation in small quantities of blood is easily and accurately made.
The calculation of the blood volume and of the total hemoglobin is then easily made. Knowing the amount of gas absorbed and its concentration in the blood after mixture, the blood volume is readily obtained. If the oxygen capacity is known the concentration of hemoglobin may be estimated. The blood volume multiplied by this figure will then give the total circulating hemoglobin.
METHOD OF ADMINISTERING CARBON MONOXIDE
The method employed for the administration of the gas is essentially that used by Haldane and followed by subsequent observers. A rebreathing apparatus is used consisting of a small rubber bag with glass connecting tube and rubber mouthpiece. In unconscious persons a mask with minimal dead space is used instead. The bag is filled with air and after rebreathing has commenced a measured amount of carefully purified carbon monoxide is added from a gas burette. The subject breathes back and forth into this bag through a small bottle filled with fresh soda lime to remove carbon dioxide. The bottle is placed in an ice filled jacket, in order to cool the air and to precipitate excessive moisture. Care is taken to have the total amount of gas in the bag as small as possible so that at the height of inspiration it is nearly collapsed. Oxygen is admitted to it very slowly in amounts just sufficient to balance absorption, from a large pressure tank, equipped with a needle valve. The dead space is thus reduced to a minimum. The concentration of oxygen in the bag does not exceed 30 per cent. As the tension of carbon monoxide in the blood depends on the corresponding partial pressure of oxygen, this precaution is necessary in order that the carbon monoxide may be absorbed as completely as possible in the lungs. The total volume of the gas in the system at the moment of complete normal expiration does not usually exceed 2500 cc. A side tap is placed in the connection between bag and absorber so that a sample of gas may be taken just before the conclusion of the experiment or whenever desirable, to check the concentration in the bag. Before such a gas sample is to be removed, the oxygen supply is completely shut off and ten or twelve respirations into the closed system are taken in order to obtain complete mixture of gas between lungs and apparatus.
The subject breathes to and fro into the bag for a period of twenty minutes. At the end of this time a blood sample without stasis is taken from an arm vein. Aside from the venapuncture, no pain or discomfort whatever is experienced.
METHOD OF ANALYZING BLOOD SAMPLES
The blood samples for carbon monoxide analysis are collected in oiled syringes and placed in bottles, containing dry oxalate under oil.
The samples are analyzed without delay.
We have employed two methods for the analysis. The first is an elaboration of the procedure used by Barcroft and his associates (10) . An accurately measured 5 cc. sample of the thoroughly mixed blood is introduced into the extraction chamber of a Van Slyke constant pressure apparatus and 15 cc. of completely extracted acid ferricyanide solution are added. After the solution is shaken for twenty minutes, the liquid is removed as far as possible into the side arm of the apparatus, and the extracted gas (about 3 cc.) is transferred with several washings into a Krogh gas analysis apparatus of suitable construction provided with a combustion chamber. Estimations of the carbon monoxide are made with an accuracy of about 0.005 per cent. A comparison of the volume of carbon monoxide lost in combustion is then made with the volume of carbon dioxide formed. The agreement is usually very close. The temperature is estimated with a thermometer suspended in the water bath surrounding the gas pipette and thermobarometer. The total volume of carbon monoxide present, corrected by the addition of the amount left dissolved in the fluid from which it was extracted (as calculated from the basic equation of Van Slyke, 1924) (11), is then readily obtained.
The second method is that of Van Slyke and Robbins (12) to which our attention was kindly drawn by Dr. Van Slyke after the above procedure was elaborated and in use. This also requires the use of a 5 cc. blood sample, which is analyzed by the absorption of oxygen (pyrogallol) and then of carbon monoxide (Winkler's reagent) in the Van Slyke-Harrington constant volume pipette. The agreement of results obtained by these two different procedures is satisfactory. (Table 1 .) Calibration of the Van Slyke-Harrington pipette for this determination requires care, the final volume read being 0.5 cc.
We have made a number of blood volume estimations upon normal (table 2) . We have been unable to detect any alterations in the blood volume due to the menstrual cycle in normal women.
The ability to estimate carbon monoxide in blood with an accuracy of about 0.1 volumes per cent is of advantage because it reduces the amount of gas which must be administered in order to obtain a sufficient blood concentration for satisfactory blood gas analysis. The methods used in the present study for the analysis of carbon monoxide in blood are so sensitive that the quantities of the gas which are inhaled and fixed in the hemoglobin in subjects who are only moderate tobacco users may introduce considerable error if not properly corrected by a preliminary control blood analysis. The blood of persons remaining indoors all day in the winter, especially in buildings heated with soft coal also may contain very appreciable amounts of carbon monoxide even if smoking is not indulged in.
Such a preliminary examination of the blood for combustible gas is therefore highly desirable and has in fact been made in most of our estimations and always where there was any reason to suppose that a contamination might exist.
SOURCES OF ERROR IN THE TECHNICAL PROCEDURE
The measurement of the amount of carbon monoxide inhaled may be made with a probable error not exceeding 0.5 cc. The average amount of gas used is 100 cc., so that the greatest error is 0.5 per cent.
The amount of carbon monoxide in the blood sample can be estimated with an error of about 0.1 volumes per cent. Duplicates usually agree within 0.06 volumes per cent. Since the amount measured is ordinarily between 2 and 3 volumes per cent, the maximum error is between 3.3 and 5 per cent. These errors are not likely to be additive. Consequently the maximal error in the technical procedures does not exceed 5 per cent and is probably less.
The amount of gas left in the bag and absorbing bottle is very small. is approximately 1500 cc., and to this must be added the pulmonary volume and dead space, say about 3000 cc., or in all 4500 cc. The maximum carbon monoxide gas unabsorbed therefore in our experiments is 1.35 cc. and the minimum is about 0.7 cc. If 1.0 cc. is subtracted, therefore, the maximum error should not exceed 0.33 per cent in a total carbon monoxide absorption of 100 cc. We believe attempts at closer approximation are unnecessary as well as fallacious unless the phase of respiration at the moment of taking the gas sample, and the exact lung volumes are also known. Due to mouth breathing in persons unaccustomed to a nose clip, the tidal air may well be 800 cc. or even 1000 cc., about 20 per cent or more of the volume of the total system. At first we used a small recording spirometer in order to be able to measure the amount and phase of the respirations very accurately, but it shortly became evident that this procedure was unnecessary.
DISCUSSION OF THE METHOD
The most important objections which have been raised against the use of carbon monoxide in measuring the circulating blood volume are, in the first place, the unknown loss which may occur due to diffusion from the blood into the hemoglobin of the muscle, and, in the second place, the uncertainty as to the uniformity of distribution of the gas among the blood corpuscles themselves. The latter question really resolves itself into the problem of the evenness of distribution of erythrocytes with respect to plasma throughout the circulation, for it is hardly conceivable that even distribution of the gas in the hemoglobin of the erythrocytes themselves is incomplete after twenty minutes. Unfortunately, it is not possible at the present time to give a definite answer to either criticism, but we think it is possible to define the maximum error which may thus be caused in blood volume estimations. If this source of error is kept in mind, it is clearly valid to apply the technique to studies in normal and pathological conditions. The question of the identity and quantity of hemoglobin in muscle has occupied the attention of physiologists for many years. Gescheidtlen (15) long ago indicated that muscle hemoglobin does not exceed 5 per cent of the total blood hemoglobin, and a value of this magnitude has been commonly accepted. Whipple and his coworkers (16) now state, however, that the total muscle hemoglobin in dogs may amount to from 10 to 80 per cent of the circulating hemoglobin. They believe that "muscle hemoglobin is concerned with the rapid exchange of oxygen and carbon dioxide between the blood and contracting elements." Without entering into a discussion of these figures, or of the technical procedures on which they are based, it is evident that an index of the amount of carbon monoxide which will diffuse into muscle from the circulating blood may be obtained by a study of the drop in carbon monoxide concentration in the blood which occurs in the transition from rest to vigorous muscular exercise. The capillary bed in the working muscles under these conditions is increased many fold, and contains a much larger proportion of the circulating blood volume, while at the same time the blood flow is greatly augmented. Under such circumstances complete saturation of muscle hemoglobin should occur, the carbon monoxide concentration in the blood should drop, and the figure obtained for blood volume must be higher by the amount which has diffused into the muscle tissues. The increased cardiac output per minute with exercise will produce more even mixing of the cells. For the reason just mentioned six exercise experiments on four normal subjects were performed in the following way after a period of thirty minutes of complete rest. Each subject, sitting at ease on (table 4) the change in carbon monoxide concentration after exercise was so slight as to be within the limits of error of the method, whereas in the other three, a just appre-ciable although definite drop occurred. This may be interpreted as due to slightly more complete diffusion of the gas into the muscle hemoglobin, or, on the other hand, to the additional red blood cell mass thrown from the spleen into the circulation with exercise, which Barcroft (17) estimates may amount to about 200 cc. in the normal individual, or about 4 to 5 per cent of the whole blood volume. The striking point is the extraordinarily slight change in the concentration of carbon monoxide in the blood produced by exercise.
The results offer no support to the suggestion that the carbon monoxide method gives results which are too low because of incomplete mixing in the smaller vessels containing an axial stream, and in which there is stagnant plasma in the "still spaces" at the periphery (18) . With severe exercise more complete mixing should take place, but since no significant change occurs it seems clear that complete mixing must already have been accomplished.
The fact seems to be established that the effect of exercise is in fact not dilution but concentration both of erythrocytes and hemoglobin, a result which is plausibly explained if the red cell stores thrown out from the spleen and possibly from other sources is taken into'consideration. The exercise experiments of Whipple and his co-workers (19) , who found no change in blood volume after short exercise in dogs are in agreement with the above results. Broun (20) found no significant change in plasma volume, but an initial increase in cell volume and in "circulating blood pigment" as a result of brief exercise. into the lymph and tissue fluids, as well as the activity of phagocytes may also be factors of importance (21) . SUIMIARY 1. A method for the estimation of the circulating blood volume in man is described. It consists in the inhalation of a measured amount of carbon monoxide and the subsequent estimation of its concentration in the circulating blood. The maximal error in the technical procedures involved does not exceed five per cent.
2. The circulating blood volume has been found by this method in sixteen normal individuals to lie between 60.4 and 75.5 cc. per kilogram of body weight.
3. The circulating blood volume when expressed as cubic centimeters per square meter of body surface in these individuals varied between 1990 and 2860 cc.
4. The sources of error of the carbon monoxide method are discussed and the probable reasons are stated for the discrepancies in the results as compared with those of the dye methods. 
